Hydrous manganese dioxide (HMO) has been synthesized through a facile method. It is found that HMO has an excellent Pb(II) adsorption performance, and an equilibrium adsorption capacity of 127 mg g À1 is expected under room conditions. The sorption capacity is strongly dependent on pH when pH < 7.0, but is not affected by ionic strength, suggesting a mechanism of inner-sphere surface complexation confirmed by X-ray photoelectron analyses (XPS) and Fourier transform infrared spectroscopy (FTIR).
INTRODUCTION
Wastewater poured from mining, agriculture, oil, and gas industries is basically a main source of environmental heavy metal contamination (Zhang et al. a, b) . Pb(II), a typical metal pollutant in industrial fields, is commonly found in effluents from a wide range of industries, such as electroplating, smelting, and manufacturing of electronic products and many other industries (Amer et al. ; Lawal et al. ) , which makes it a necessity that it should be eliminated from aqueous solutions prior to being released into the biosphere.
Over recent decades, significant efforts have been spent on exploring effective technologies including adsorption, membrane filtration, chemical precipitation, conventional coagulation, biological treatment and photocatalytic degradation to eliminate these contaminants. Among these methods, adsorption is effective and economical owing to its relatively low cost, easy operation and wide adaptability (Zhang et al. a, b) . Among the various available adsorbents, a number of novel metallic oxides are found to gain promising applications in the removal of heavy ions owing to their advantages in microstructures, such as porous and relatively high surface area, as well as their low cost and easy accessibility. Due to their high adsorption capacity and selectivity indicated by recent studies, manganese oxides are classified as promising ones for heavy metals removal from water solutions (Robinson et al. ) . In the past few decades, the sorption by hydrous manganese dioxide (HMO) of cationic or anionic pollutants from natural waters has attracted considerable attention, because it would significantly mediate the fate and mobility of the targeted pollutants in water. However, most of the reported research in the open references (Tripathy et al. ) basically explore the effect of HMO sorption on toxic metal mobility in the aquatic environment in the field of environmental and geochemical aspects, it is of essence to evaluate the mechanism of HMO as a potential sorbent for heavy metal ion removal from a technical consideration, which confirms the necessity of deep exploration to elucidate HMO sorption toward toxic metals.
In this work, we report the synthesis of HMO through a facile method, and the main objectives of this research are:
(1) to analyze the adsorbent through a variety of techniques, and (2) to evaluate its Pb(II) adsorption capacities and the corresponding mechanisms between HMO and Pb(II) during the reaction process.
METHODS

Preparation of hydrous manganese dioxide
A colloidal suspension of HMO was obtained by rapid oxidation of Mn 2þ ions in the presence of tetraethylammonium hydroxide (TMA·OH) (Zhang et al. ) . In detail, 40 mL of solution containing 2.375 g of Mn(NO 3 ) 2 was added to 56 mL of water containing 6.8 mL of H 2 O 2 and 17.2 mL of tetramethylammonium hydroxide (TMAOH) during constant agitation at 400 rpm for 12 h. The nano structure dispersion was washed by deionized water to remove residual solution.
Characterization
Surface analysis of HMO was done using powder samples on a FEI QUANTAFEG250 coupled with INCA Energy X-MAX-50. XRD patterns were recorded with a diffractometer with CuK α radiation at room temperature operated at 40 kV. Fourier transform infrared spectroscopy (FTIR) spectra of HMO powders before and after Pb(II) sorption were acquired from an FTIR spectrometer in the range of 500-4,000 cm À1 . The X-ray photoelectron analyses (XPS) measurements were conducted using a spectrometer with monochromatized MgK α X-rays. The average specific surface area was determined by the Brunauer-Emmett-Teller nitrogen adsorption method (BET-N 2 adsorption) along with the pore size and pore volume using the Micromeritics ASAP2020 analyzer.
Batch sorption experiments
Experiments were carried out under ambient conditions. The pH of the suspension was adjusted with 0.01-1.0 mol/L HNO 3 or NaOH. Then the stock solutions of HMO and Pb(II) were shaken for 24 h to ensure the sorption equilibrium. The solid was separated from aqueous solution by centrifugation at 11,000 rpm for 20 min. The concentration of Pb(II) was analyzed by the Chlorophosphonazo III spectrophotometric technique at the wavelength of 616 nm.
RESULTS AND DISCUSSION
Characterization of HMO
A scanning electron microscopy (SEM) image (Figure 1 (a) and 1(b)) reveals that the as-synthesized HMO consists of irregularly needle shaped nanorods. From the energydispersive X-ray spectroscopy (EDS) analysis, compared with virgin HMO, Pb(II) content is calculated to be about 1.99% after sorption, illustrating the successful sorption of Pb(II) on HMO. Shown in Figure 1 As shown in Figure 1 (e), the FTIR spectra of HMO before and after Pb(II) adsorption include the absorption bands at 3,400-3,550, 1,615-1,640, 1,000-1,100 and 475--675 cm À1 . The broadened band around 3,400-3,550 cm À1 can be assigned to the bending vibration of adsorbed molecular water and stretching vibration of hydroxyl group (Liu et al. ) . The vibration of the hydroxyl group combined with Mn atoms is located at 1,615-1,640 cm À1 (Su et al. ) . The band at 475-675 cm À1 reveals the presence of MnO 6 octahedral (Su et al. ) , proving the existence of HMO. Signal of hydroxyl group bands around 3,400-3,550 cm À1 shifts slightly to the lower value and may be induced by the formation of inner-sphere complexes between Pb(II) and HMO, where Pb-O bonds have formed. Meanwhile, it is noticeable that a slight intensity decrease in the 1,615-1,640 cm À1 absorption peak is observed after Pb(II) adsorption, which can be regarded as the result of metal ions intercalated into HMO particles and ion-exchange with the protons.
The BET surface area of the as prepared HMO is 97.24 m 2 g À1 , and the total pore volume and Barrett-Joyner-Halenda (BJH) average pore diameter are 0.40 cm 3 /g and 1.75 nm, respectively (Figure 1(f) and 1(g)). The isotherm in Figure 1 classified as type II, characteristic of nonporous or macroporous materials. The hysteresis loop of the mentioned samples covers the relative pressure range of p/p 0 ¼ 0.80-0.99.
Sorption kinetics
Figure 2(a) displays the sorption behavior of Pb(II) on HMO as a function of contact time. It is worth noting that the uptake of Pb(II) exhibits a manner of quick equilibrium in the first 5 min, and then it slows down and finally maintains stability, suggesting strong chelation of Pb(II) with functional groups other than internal surfaces (such as holes and crevices) contributing to adsorption. Pseudo-first order, pseudo-second order, intraparticle diffusion and Bangham equations are chosen to explore the kinetics of Pb(II) adsorption on HMO (Wang et al. ) .
The linear fitting results of the kinetic data are shown in Figure 2 (b)-2(e). The parameters of the kinetic models and the linear regression coefficients (R 2 ) are obtained and shown in Table 1 , demonstrating the predominant pseudosecond order mechanism and the overall chemisorption rate controlling process. Finally, a maximum absorption capacity of 126.9 mg g À1 for Pb(II) is calculated from the pseudo-second order rate model, very close to 120 mg g À1 got from experimental data.
Effect of pH and ionic strength
Adsorption of Pb(II) on HMO as a function of pH is studied at 0.001, 0.01, and 0.1 M NaNO 3 concentrations of background electrolyte (Figure 3 ). Hardly any of Pb(II) is adsorbed on HMO surface when pH <3.0, but the value increases sharply until pH equals 7.0, after which the percentage remains stable beyond pH 7.0. When pH <8.0, the distribution curves of Pb(II) (Hu et al. a, b) ions indicate that the predominant types of Pb(II) are Pb 2þ and Pb(OH) þ . Basically, the active sites in the sorption process are both controlled by the competition between Na þ / H þ and Pb(OH) þ /Pb 2þ , and the electrostatic attraction between the negative surfaces and Pb(OH) þ /Pb 2þ . However, the increase of pH leads to more deprotonated functional groups, and this is facilitated for the sorption of positively charged Pb(II) (Foo & Hameed ) . Finally, precipitation is expected to form beyond pH 8.0 in the absence of HMO, but it is clear that >90% Pb(II) have been adsorbed when pH < 8.0. Therefore, it suggests that below pH 7.0, the contribution of Pb(II) sorption on HMO is not attributed to the precipitation of Pb(OH) 2 . To sum up, strong surface complexation and ion exchange both control the adsorption of Pb(II) on HMO:
Besides, from the result of FTIR and XPS, it is obvious that the functional groups on the HMO surface interact with Pb(II) ions by forming complexes (Chen et al. ) . Furthermore, as can be seen from Figure 3 , the adsorption of Pb(II) on HMO is independent on ionic strength, and therefore it is concluded that the adsorption is mainly controlled by cation exchange and inner-sphere surface complexation.
Sorption isotherms and thermodynamics
The isotherms represent the equilibrium relationships between the concentration of adsorbed elements and the elements in a solution at a given temperature (Ng et al. ) . Three isotherm equations are selected to model the adsorption isotherm data including Langmuir, Freundlich and Dubinin-Radushkevich (D-R) equations. The adsorption capacity of Pb(II) at different temperatures (298.15, 318.15 and 338.15 K) for HMO are performed by these models, and the corresponding fitting results and deduced parameters are displayed in Figure 4 and Table 2 , respectively. As can be seen, adsorption can be more appropriately fitted by Langmuir model than Freundlich, according to the correlation coefficients R 2 . These results imply a monolayer coverage of Pb(II) on the surface of HMO and the heterogeneous active sites between HMO and Pb(II). Calculated from the Langmuir model, the maximum adsorption amount of Pb(II) at 298.15 K, 318.15 K and 338.15 K are 119.37, 230.22 and 267 .90 mg g À1 , respectively. Besides, the easy adsorption of Pb(II) on the heterogeneous surface of HMO could be deduced from the small value of 1/n (<0.5).
Thermodynamic parameters
The thermodynamic parameters, such as the change in enthalpy, entropy and Gibbs free energy, of the process can be calculated using the following equations:
ΔH and ΔS can be calculated from the slope (ΔST) and the intercept (ΔH ) of the van's Hoff plot of (ΔG) versus (T ), as shown in Figure 5(b) . Results of ΔG, ΔH and ΔS are displayed in Table 3 , in which the adsorptive forces are sufficiently strong enough to skip over the potential barrier as reflected by the negative values of ΔG, which demonstrates a spontaneous process of adsorption and improved adsorption performance at high temperatures. The positive values of ΔH suggest that the adsorption process is endothermic in nature. Furthermore, the values of ΔG decrease with the increase of temperature, indicating more efficient adsorption caused by more negative ΔG. A random characteristic of the solid-solution interface and an excellent affinity of Pb(II) on HMO could be judged from the positive values of ΔS. Figure 6 , for adsorption of Pb(II), almost no significant influence is observed in SO 4 2À and CO 3 2À solutions. However, a noticeable positive effect is observed in HPO 4 2À , but the uptake of Pb(II) decreases sharply with the increasing concentrations of Ca 2þ and Mg 2þ ions. Ca 2þ , especially, shows a more significant suppressive effect compared with the others. It can be explained that divalent alkaline earth metals (Ca 2þ , Mg 2þ ) have stronger competition with Pb(II) for binding sites of HMO than monovalent alkali metals. In general, the adsorption capacity in the presence of negative ions is higher than positive ions.
Performance evaluation
In addition, the maximum adsorption capacities C s,max (mg g À1 ) of Pb(II) is compared with other reported adsorbents in Table 4 , in which the outstanding value of C s,max (mg g À1 ) proves an excellent performance of HMO. Combined with the data ahead, it is the large specific surface area and abundant hydroxyl groups of reaction sites make HMO overwhelm other adsorbents.
Regeneration and reuse of adsorbents is a key factor in the recycling of HMO. Reusability test is conducted by adding HNO 3 solutions (0.5 M) as desorption agents in recovering Pb(II) from the HMO adsorbent, and the results are shown in Figure 7 , indicating only a slight drop in the capacity of adsorption after five recyclings.
CONCLUSION
In the current research, HMO is obtained through a simple and effective method to apply in the elimination of Pb(II) in solutions. The equilibrium adsorption capacity of Pb(II) is 127 mg g À1 at room temperature. Results of kinetic and isotherm studies fit well with pseudo-second order equation and Langmuir model, respectively. It is proved that chemical sorption and inner-sphere surface complexation are the main sorption mechanisms. In addition, the thermodynamic data suggest that the adsorption of Pb(II) on HMO is, in nature, a spontaneous and endothermic process. Furthermore, HMO can be readily renewed by commonly used reagents after multiple repeating cycles. With regard to the sorption speed, maximum sorption capacity, high efficiency and feasibility, HMO is excellent in the removal and recovery of Pb(II) from contaminated water. 
